Abstract In sub-Saharan Africa (SSA), Bmaize is life,^due to its importance to food security and economic wellbeing. Around 40 % of Africa's maize-growing area faces occasional drought stress, resulting in yield losses of 10-25 %. Around 25 % of the maize crop suffers frequent drought, with losses of up to half the harvest. To reduce vulnerability and improve food security, the Drought Tolerant Maize for Africa (DTMA) project has made releases of 160 drought tolerant (DT) maize varieties between 2007 and 2013. These have been tested in experimental and farmers' fields, and disseminated to farmers in 13 African countries through national agricultural research systems and private seed companies. Yields of the new varieties are superior to those of currently available commercial maize varieties under both stress and optimum growing conditions. Although the benefits of DT maize for African farmers have been repeatedly predicted, realization of those benefits depends on farmer uptake, which has received limited empirical study. We use new plot-level data from surveys of 3,700 farm households in six countries (Ethiopia, Tanzania, Uganda, Malawi, Zambia, and Zimbabwe) to measure DT maize adoption rates and their determinants. The data reveal considerable inter- country variation in farmer uptake of DT maize, from 9 % of maize plots in Zimbabwe to 61 % in Malawi. The major barriers to adoption include unavailability of improved seed, inadequate information, lack of resources, high seed price, and perceived attributes of different varieties. Based on the results, we recommend that seed companies and agro-dealers ensure adequate supply of DT maize seed in local markets and sell seed in affordable micro-packs (1 or 2 kg). Furthermore, the DTMA project and partners should ramp up promotional efforts to ensure widespread awareness and understanding of the benefits of the new DT maize varieties.
Introduction
Agricultural development in sub-Saharan Africa (SSA) faces unprecedented challenges, due to changes in demand for food, market conditions, and climate. The Intergovernmental Panel on Climate Change (IPCC 2014) predicts that, under medium scenarios, mean annual temperature over extensive areas of Africa will be 2°C higher during the middle of the 21st Century than during the late 20th Century. Despite uncertainty about future changes in rainfall in SSA (IPCC 2014) , climate change models consistently predict increased incidence of drought (Li et al. 2009 ). Increasing temperatures and changes in precipitation are expected to adversely affect biodiversity, amplify existing stress on water supplies, exacerbate the vulnerability of agricultural systems, and increase the burden of a range of climate-related health outcomes (IPCC 2014) .
African farmers are not helpless in the face of variable and changing climates; they already adapt to climate variability and change in a multiplicity of ways (e.g., Thomas et al. 2007; Deressa et al. 2009 ). However, in some parts of SSA, the magnitude and speed of the predicted changes are likely to outstrip the local efforts to manage those changes, and large public and private investments in crop breeding, irrigation infrastructure, safety nets (e.g., micro-insurance), processing/marketing infrastructure, and storage facilities are needed to meet the food needs of the growing human population (Burke and Lobell 2010) . This paper focuses on recent advances in maize research that hold promise for helping African farmers adapt to drought. Maize is the most important food crop in SSA, where it is almost completely rainfed and, therefore, dependent on the region's increasingly erratic precipitation. Around 40 % of Africa's maize-growing area faces occasional drought stress in which yield losses are 10-25 %. Around 25 % of the maize crop suffers frequent drought, with losses of up to half the harvest (CIMMYT 2013) . To reduce vulnerability and improve food security, the Drought Tolerant Maize for Africa (DTMA) project has made releases of 160 drought tolerant (DT) maize varieties, between 2007 and 2013.
The DT maize varieties have been bred using modern conventional methods, without genetic modification. In addition to drought tolerance, the varieties have other attractive traits, such as resistance to major diseases and high protein content. The DT maize varieties have similar labor requirements and seed costs as non-DT commercial varieties. Importantly, some of the DT maize varieties are also nitrogen use efficient. Although the switch from local to improved maize can be a catalyst for increasing farmers' use of other inputs, especially fertilizer, many Africa farmers grow improved maize varieties without fertilizer (Smale et al. 2011) .
The new DT maize varieties underwent extensive multi-location on-farm testing using a participatory variety selection approach with farmers. On-farm trials across sites in eastern and southern Africa revealed that DT maize varieties out-yield popular commercial checks by 83-137 % (controlled drought), 26-47 % (random drought), and 25-56 % (optimal rainfall conditions) (Unpublished data from Tsedeke Abate, DTMA project Leader, March 2015). The yield advantage of the new DT maize varieties over local maize varieties should be even greater. Research in SSA has indicated a consistent yield advantage of improved maize varieties over local maize varieties at different levels of fertilizer use and various soil fertility and rainfall conditions (Smale and Jayne 2003) .
Across the 13 DTMA countries (Angola, Benin, Ethiopia, Ghana, Kenya, Malawi, Mali, Mozambique, Nigeria, Tanzania, Uganda, Zambia, and Zimbabwe) seed delivery has been the responsibility of national agricultural research systems and public and private seed companies. To diffuse information on the new DT varieties, the DTMA project has used field demonstrations and field days. Messages have been channeled via posters, radio and television broadcasts, and newspapers. In 2013 alone, more than 33,000 MT of seed had been delivered to farmers in the 13 SSA countries (CIMMYT 2014) .
A recent assessment of DT maize adoption in Africa, based on the economic surplus method, predicted large positive impacts of increasing average yields and reducing yield variability (La Rovere et al. 2014) . And by decreasing the vulnerability of farm households to drought-related harvest failure, DT varieties also reduce the need for harmful post-failure coping strategies, such as borrowing, reducing food consumption, sale of household assets, or taking children out of school.
Although the benefits of DT maize for African farmers have been repeatedly predicted, realization of those benefits depends on adoption of the new DT maize varieties by SSA farmers, which has only been studied for 200 farm households in Nigeria (Tambo and Abdoulaye 2013) . The Nigeria study suggests considerable farmer demand for DT varieties, but the literature on adoption of modern crop varieties by smallholders in SSA indicates an uneven record: incidents of widespread adoption (Alene et al. 2009 ) are mixed with examples of low rates of adoption and lack of sustained use of seemingly advantageous farm technologies (Kijima et al. 2011) . Furthermore, studies indicate that smallholder farmers in SSA are generally aware of local environmental changes, but many have made no adjustments to reduce impacts of increasing temperature and/or decreasing precipitation (Fosu-Mensah et al. 2012; Gbetibouo et al. 2010) . Research is needed to uncover factors that encourage farmer adaptation.
This study evaluates prospects for widespread adoption of DT maize in SSA, by measuring adoption levels and determinants in three countries in eastern Africa (Ethiopia, Tanzania, and Uganda) and three countries in southern Africa (Malawi, Zambia, and Zimbabwe). The six countries together account for one-third of maize area and maize production in SSA (calculated from FAOSTAT 2014 data). In these countries, maize is important for food security, drought risk exhibits spatial variability, and DT maize adoption has potential to bring about substantial reduction in food insecurity. Figures S1 and S2 of Online Resource 1 show the distribution of maize mega-environment (MME) and failed season drought probability across the six study countries. It is important to point out, however, that the new DT maize varieties are high yielding across a range of MMEs and under both moderate drought and good rainfall conditions (Unpublished data from Tsedeke Abate, DTMA project Leader, May 2015) . In this paper, we seek to identify future investments that will stimulate DT maize adoption and thereby increase farmer resilience to drought in SSA. (Detailed information about the DT maize varieties that have been released in the six study countries are provided in Table S1 of Online Resource 2.) 2 Agricultural adaptation by smallholder farmers in response to climate variability and change Recent studies have examined the response of African farmers to extreme weather events and their attempts to adapt to perceived long-term environmental changes. We here review 19 relevant empirical studies, published in scholarly journals, covering 14 SSA countries and over 16,000 farmers (Thomas et al. 2007; Hassan and Nhemachena 2008; Barbier et al. 2009; Bryan et al. 2009; Deressa et al. 2009; Mertz et al. 2009; Gbetibouo et al. 2010; Orlove et al. 2010; Cavatassi et al. 2011; Codjoe et al. 2012; Hisali et al. 2011; Sofoluwe et al. 2011; FosuMensah et al. 2012; Bryan et al. 2013; Tambo and Abdoulaye 2013; Bele et al. 2014; Brooks 2014; Fisher and Snapp 2014; Westengen and Brysting 2014) . Results of reviewed studies are used to address two questions. First, do smallholder farmers in SSA perceive climate as variable or changing? Clearly, adaptation will not be attempted, if farmers do not recognize climate change (Burke and Lobell 2010) . Second, what adjustments in agricultural practice have African farmers used to adapt to climate variability and change?
2.1 Do smallholder farmers in SSA perceive climate variability and change?
Most of the reviewed studies included survey questions to gauge farmers' perceptions about climate variability and change. The usual approach was to ask farmers one or more open-ended questions about whether they had noticed any long-term changes (e.g., Bryan et al. 2009 ). Another approach was to ask farmers to rank the severity of impacts on agriculture from various sources (e.g., Westengen and Brysting 2014) . In a third approach, Hisali et al. (2011) used results of the 2005/06 Uganda National Household Survey, in which farmers reported the severity, frequency, and duration of major climatic events during the previous 5 years.
Overall, results of the studies indicate farmers from the 14 surveyed countries generally do perceive that average temperature has increased and average rainfall has decreased over the last few decades. For example, 86 and 64 % of respondents surveyed in Ethiopia and South Africa, respectively, reported that temperature has increased, while 65 and 79 % observed that rainfall has declined (Bryan et al. 2009 ). Farmers in several countries reported changes in the onset, duration, and predictability of the rainy season, and increased drought frequency (Hassan and Nhemachena 2008; Bele et al. 2014; Fisher and Snapp 2014) . Ugandan farmers reported an increasing number of droughts and other climate-related events, and half of sampled farmers reported that, during the past 5 years, droughts typically lasted five months or longer (Hisali et al. 2011) . Farmers' perceptions of climate variability and change differed among regions of a country, as well as with gender, type of farming (e.g., livestock vs. crops), and occupation (Thomas et al. 2007; Codjoe et al. 2012 ).
Adjustments in agricultural practices by smallholder farmers in response to climate variability and change
The reviewed studies found smallholder farmers in SSA have used a variety of agricultural adaptations. Some adaptations, such as change in planting date, switching crop species, crop diversification, and soil and water conservation, have been widely used. Other adaptations, such as expanded irrigation, weather insurance, and switching crop varieties, have not been widely used, but are likely to become more important in the future.
Change in planting dates
Changing planting dates is relatively inexpensive and easy to implement, and is particularly important for farmers in rainfed systems. The onset of the rainy season is crucial to the timing of rainfed crops: if a farmer plants too early, soil moisture will be insufficient for seed germination; if a farmer plants too late, intense rain might wash seed away (Reason et al. 2005) . Farmers in several SSA countries reported they shift crop planting dates in response to year-to-year variability in rainy season onset (Fosu-Mensah et al. 2012; Bryan et al. 2013; Sofoluwe et al. 2011; Bele et al. 2014) . The main limitation is availability of accessible and accurate climate forecasts, which complement indigenous knowledge. Female farmers in the Afram Plains of Ghana highlighted the importance of seasonal forecasts in choosing which crops to plant and when (Codjoe et al. 2012) . Ugandan farmers indicated that forecasts from the Ugandan Department of Meteorology, along with their own knowledge and observations, helped them decide whether or not to plant slower maturing crops for a particular season (Orlove et al. 2010 ).
Switching crop species
Climate change will likely affect regional cropping patterns in SSA (Kurukulasuriya and Mendelsohn 2006) . In 14 of the 19 studies, farmers reported they reassessed and cultivated different crops in response to perceived changes in temperature and rainfall. For example, Kenyan farmers switched to cassava, sweet potatoes, and pigeon peas (Bryan et al. 2013) . Cassava, in particular, is potentially useful for adaptation to climate change in SSA, because it grows in marginal soils, tolerates periodic and extended periods of drought and heat, and is left in the ground until needed (Jarvis et al. 2012) . Malawian farmers migrated to cassava growing areas during the 2001/02 famine (Brooks 2014) . Important factors enabling crop switching are access to irrigation and to extension information (Bryan et al. 2009 (Bryan et al. , 2013 .
Crop diversification
Many farmer adaptations to climate variability center on diversification to take advantage of the differential effects that a given climate event or condition might have on different crops and activities during the year. For example, in rainfed systems that are prone to drought, diversification of farm plot locations can take advantage of spatial variability in rainfall. The most common diversification strategy identified by the reviewed studies was to grow a variety of crops (Bryan et al. 2009 (Bryan et al. , 2013 Bele et al. 2014; Westengen and Brysting 2014) . Previous research demonstrated a positive correlation between crop diversity and production (Di Falco et al. 2010 ). The likelihood farmers will diversify their crops is positively influenced by secure land tenure, access to information and credit, labor supply, and farming experience (Hassan and Nhemachena 2008; Gbetibouo et al. 2010; Fosu-Mensah et al. 2012 ).
Soil and water conservation
Soil and water conservation (SWC) is important for alleviating water shortages, worsening soil conditions, and other negative effects of climate variability and change (Kurukulasuriya and Mendelsohn 2006) . The reviewed studies found that farmers applied SWC approaches for various reasons, including adaptation to environmental change. In Ghana, female farmers in particular used rainwater harvesting from roofs or other man-made structures as an adaptation to drought (Codjoe et al. 2012) . Farmers in Burkina Faso, used a number of SWC techniquesbuilding stone boundaries around fields, micro water-harvesting, and soil restoration -to increase production in years of good rainfall and reduce production variability during droughts (Barbier et al. 2009 ). Use of SWC approaches depends on household size (the techniques are labor intensive), farming experience, education, farm size, and credit access Bryan et al. 2013 ).
Small-and large-scale irrigation
Only 6 % of total cultivated area in SSA is currently irrigated, and that is concentrated mostly in five countries. However, the introduction of irrigation into rainfed cropping systems will be critical to future agricultural production in some regions, and is predicted to be a profitable investment on both small and large scales (You et al. 2011) . Irrigation increases yields and returns on investments in farm inputs; it also allows farmers flexibility in planting dates, crop species and varieties, and length or number of growing seasons (Burke and Lobell 2010) .
Although farmers surveyed in the reviewed studies frequently mentioned irrigation as a preferred adaptation, few practiced irrigation. Irrigation was common only in Burkina Faso, where government and non-governmental organizations have invested in sophisticated irrigation canals, and have built more than 1,400 small dams since the 1970s drought (Barbier et al. 2009 ). Use of irrigation is constrained by limited access to or availability of water sources, poor water management, lack of capital for investment in irrigation technology, small farm size, and high labor requirements (Barbier et al. 2009; Deressa et al. 2009; Sofoluwe et al. 2011 ).
Micro-insurance
The adaptation strategies commonly used by smallholder farmers in SSA, such as shifting planting date and crop diversification, often fail in years of very poor rainfall, even when used in combination. Micro-insurance, particularly index-based insurance, might improve the capacity of farmers to adapt to climate change, but has not been widely implemented in SSA, and was not used by any farmers in the reviewed studies. The challenges of microinsurance include high cost and logistical difficulties of getting the products to farmers, and the need to reflect diverse weather events and production conditions (Lybbert and Sumner 2012) .
Switching crop varieties
Switching to crop varieties less sensitive to climatic stress is one of the preferred strategies of farmers in SSA. Policymakers also support this approach: a UN General Assembly resolution in 2009 emphasized development of crop varieties that tolerate environmental stresses, including drought (Westengen and Brysting 2014) . New varieties of staple crops, many still under development, provide drought and heat tolerance, as well as early maturation (Cairns et al. 2013; Karaba et al. 2007) . The reviewed studies reveal that improved short-season varieties were available and farmers were growing them to escape drought (Thomas et al. 2007; Fosu-Mensah et al. 2012; Fisher and Snapp 2014; Westengen and Brysting 2014) . However, while farmers expressed demand for drought tolerance, availability of improved DT maize and sorghum seed limited its use in several countries (Cavatassi et al. 2011; Fisher and Snapp 2014; Westengen and Brysting 2014) . Only in Nigeria did farmers have access to improved DT varieties due to presence of two development projects (Tambo and Abdoulaye 2013).
Contributions of the present study
The 19 reviewed studies reveal many agricultural adaptations used by smallholder farmers in SSA. Yet for many farmers these methods are insufficient for protecting livelihoods in drought prone regions of SSA (Shiferaw et al. 2014) . Investments by governments and other institutions in development of new crop varieties, irrigation infrastructure, micro-insurance, processing/marketing infrastructure, and storage facilities will likely be necessary (Burke and Lobell 2010) . Our study focuses on the development and promotion of new varieties of DT modern maize. This agricultural adaptation is low-cost and relatively easy for farmers to use, but development of these improved varieties relies on considerable private and public investment. We measure adoption levels and examine factors that influence uptake by farmers in six SSA countries to evaluate prospects for widespread adoption in SSA.
3 Study context and data 3.1 The household survey DTMA adoption surveys were conducted in the 13 DTMA countries, during 2013. Data for this study come from six countries: Ethiopia, Tanzania, and Uganda in eastern Africa; Malawi, Zambia, and Zimbabwe in southern Africa. Data for Benin, Ghana, Mali, Mozambique, and Nigeria were not yet available; data for Kenya and Angola were excluded, due to very low adoption rates, which precluded assessment of adoption determinants.
Sample sizes for the six surveys ranged from 400 to 900 farm households, depending on the area of maize cultivation. Sample selection was done in four stages. The first two stages were purposive. First, the main geographic areas where significant dissemination of DTMA seed had occurred were targeted in each country. Second, four to nine districts were selected within each target area, particularly districts where significant DT maize dissemination had occurred. The next two sampling stages were random. Ten villages were randomly selected in each selected district. Then, ten maize-farming households in each sampled village were randomly selected. Farm interviews, using a five page questionnaire, were conducted in 2013. The household head was interviewed, with the spouse joining where possible. Information collected concerned household demographics and socio-economic status, agricultural landholding, agricultural input use for maize production, maize varieties cultivated, and awareness of and demand for DT maize varieties. The short questionnaire, experienced enumerators, and close supervision by the study's authors ensured collection of high quality data.
Descriptive statistics of the study households
Average age of household heads ranged from 40 to 53 years in the six countries (Table 1) . Zimbabwe had the highest percentage of households headed by females (27 %); Uganda had the lowest (8 %). Household heads in Zimbabwe had the highest educational level (mean= 7.5 years of schooling); Ethiopians had the lowest (3.2 years). Labor availability, measured as the number of household members, ranged from an average of 5.6 in Malawi to 7.6 in Ethiopia.
Tanzanian farm households had the largest cultivated area (4.6 acres), and Malawian households the smallest (2.2 acres). Tropical livestock units (TLU) were calculated, using the approach of Jahnke (1982) to weight different categories of livestock. Mean number of TLU was highest in Ethiopian households, and five times lower in Malawian households.
Households were asked about maize self-sufficiency during the last agricultural year. Ugandan households had the highest maize self-sufficiency (64 %), and Malawian households the lowest (18 %). Households were also asked the likelihood of accessing credit to buy maize inputs. Tanzanian households appeared most credit constrained: 57 % reported that they would be extremely unlikely to receive credit. Two additional variables characterize farm locations: altitude of the dwelling unit and travel time to agricultural input markets.
Adoption of drought tolerant maize 4.1 Demand for DT maize varieties
One way to gauge demand for DT maize seed is through farmers' perceptions of drought risk. If they perceive risk as minimal, demand is unlikely to be high. For the surveys, drought was defined as cessation of rainfall during a critical period of the growing season. When farmers were asked, BHow many times in the last 10 years was your household negatively affected by drought or dry spells during the rainy season?^, few of the sampled farmers reported no droughts (Fig. 1) . The most common responses were that droughts occurred during 1-3 of the last 10 years, with Zimbabwean farmers reporting the largest number of recent droughts, on average.
Survey respondents were asked to list the top three characteristics considered in choosing a maize variety. In all countries, except Zambia, the maize traits mentioned most frequently were grain yield, drought tolerance, and early maturity (Table 1 ). In Zambia, grain yield, grain size, and early maturity were most important. Farmers were also asked if they would like to grow DT maize the following year. The responses were consistent across countries, ranging from 97 to 99 % of farmers responding Byes^to the question.
Current levels of cultivation of DT and other maize varieties
The survey examined levels of cultivation of DT modern maize varieties, non-DT modern maize varieties, and local maize varieties. Modern maize is defined as hybrid, recycled hybrid, or open-pollinated varieties (OPVs), all resulting from scientific breeding. Non-DT modern maize was bred for traits other than drought tolerance (e.g., yield, disease resistance). Local maize varieties are the product of centuries of selection by farmers and the natural environment. Respondents reported the name of the maize varieties grown, which were categorized based on information from maize breeders at CIMMYT and Ministries of Agriculture.
In all of the countries studied, except Malawi, most maize plots were cultivated in a non-DT modern maize variety during 2012/13 (Table 1) . DT varieties had lower uptake than non-DT modern maize in most of the study countries, which is not surprising, considering that breeding for drought tolerance only became prominent in 2007, when the DTMA project was initiated. Malawi had the highest percentage of maize plots cultivated in DT maize at 61 %, at least For these data, farmers were asked to list the three most important variety characteristics they consider when selecting maize varieties to plant. As an example, the 0.702 figure for grain yield in Ethiopia indicates that 70 % of sampled farmers mentioned grain yield as one of their three most valued maize traits b
These are plot-level adoption figures, i.e., the proportion of maize plots planted in a given maize variety type partly owing to the country's Farm Input Subsidy Program (FISP) which has increased access to and promoted modern maize seed including DT maize varieties. The rate in the other five countries ranged from 9 to 26 %. Local maize varieties were not widely grown, except in Tanzania and Malawi, where, respectively, 28 and 22 % of sampled maize plots were planted in local maize, as part of a portfolio of local and modern varieties. In contrast, farmers in Ethiopia and Zimbabwe almost exclusively grew modern maize.
Modeling the determinants of DT maize adoption
We estimate a multinomial logit (MNL) model where the dependent variable is categorical, indicating the type of maize grown (M) by a farmer on a farm plot: local maize, non-DT modern maize, or DT modern maize. Equation 1 describes the relationship between maize type M and a set of explanatory variables expected to be influential, based on the literature on adoption of agricultural technology in low-income settings (Doss 2006; Feder et al. 1985; Foster and Rosenzweig 2010) . This literature indicates that major determinants of adoption include trait preferences, financial and non-financial returns to adoption, farm size, tenure security, risk aversion, education, credit availability, access to extension services, and market access.
The first set of explanatory variables denoted vector T are three dummy variables having value of 1 if the respondent stated that grain yield, drought tolerance, or early maturity is a main variety attribute considered when selecting maize variety to plant, and 0 otherwise. These traits are chosen, based on their importance to farmers (Table 1) , and because they are the main traits for which DT maize varieties have been bred. Vector I denotes characteristics of the household head: age, sex, and educational attainment. Household-level factors, H, hypothesized to influence adoption of DT maize include labor supply (number of household members); agricultural resources (total cultivated area and TLU); access to credit to purchase maize inputs; and access to information about new seeds from government agricultural extension officers, other farmers, electronic media, and other sources. Households are considered credit-constrained, if they stated it was extremely unlikely they would be able to borrow money from any source for the purchase of fertilizer, seed, and other inputs for maize production.
Locational factors, L, include altitude of the dwelling unit, which reflects growing conditions, and market access, represented as time to the nearest agricultural market. Finally, binary variables for each country, C, except Malawi (the reference country) are included to control for socio-economic, political, and agro-ecological influences on farmers' decisions.
Results on the determinants of DT maize adoption
This section reports the MNL model results (Table 2 ) complemented by Fig. 2 , which presents the most common answers to the question BWhy have you not tried growing DT maize?R esults of the MNL model show that farmers who highly value grain yield, drought tolerance, and early maturity were more likely to grow DT maize varieties. These results are as expected, but they do not reveal that a sizable number of farmers said they have not tried growing the new DT maize varieties due to concerns about unfavorable attributes (see Fig. 2 ). In Tanzania, for example, some farmers were unwilling to try the DT maize varieties as they perceived them as low yielding, late maturing, and labor increasing. In Malawi, farmers complained of poor storability, i.e., they were concerned that DT maize varieties are prone to attack by storage pests, like weevils.
MNL model results (Table 2) show that compared with younger heads, older household heads were more likely to grow local maize and less likely to grow non-DT modern maize, probably reflecting reduced willingness of older farmers to give up familiar production practices. Households headed by a more educated individual were more likely to grow DT maize and less likely to grow local maize, suggesting educated individuals process information about new technologies more quickly and effectively (Foster and Rosenzweig 2010) . However, there was no association between education level and the cultivation of non-DT modern maize.
Labor availability was a significant, positive factor in use of non-DT modern maize varieties. Cultivation of modern maize requires more farm labor during the peak agricultural season, because it is typically associated with a more intensive plant arrangement and fertilizer application than local maize. Thus, although labor was not found associated with early adoption of DT maize, sustained cultivation of DT maize might be difficult for households with limited labor, given that African labor markets often fail or function poorly. Farmers who reported constrained credit were less likely to grow non-DT modern maize and more likely to cultivate local maize varieties, consistent with previous reports of links between credit access and adoption of agricultural technology (Croppenstedt et al. 2003) . While the credit variable was not significantly associated with cultivation of DT maize, farm size, a key indicator of capacity to earn agricultural income and thus a useful proxy for access to cash, was an important determinant of DT maize cultivation.
Figure 2 reveals that lack of resources (labor, land, and cash) and high seed price were major reasons farmers had not tried growing the new DT maize varieties. For the case of land and cash availability, the Fig. 2 findings are consistent with the MNL model results. In Ethiopia, nearly one-third of farmers reported that lack of resources, especially money, prevented them from trying DT maize. High seed price was a commonly mentioned constraint in Malawi, Tanzania, and Uganda. Because many Tanzanian and Malawian farmers grow local maize, the switch to DT maize would entail a substantial increase in seed cost.
The MNL results indicate that households that received information on modern maize seed were more likely to grow DT modern maize and less likely to grow local maize. Figure 2 , reveals the countries in which lack of information on DT maize was particularly problematic: Zambia and Zimbabwe. Table 2 shows no significant association between information receipt and cultivation of non-DT modern maize, perhaps indicative of a saturation of opportunities to learn about these modern varieties, many of which have been available for many years and thereby widely known by farmers (Fisher and Snapp 2014) .
Altitude of the dwelling unit was negatively associated with adoption of DT maize, and positively associated with non-DT modern maize. Evapotranspiration and, therefore, moisture stress tend to be higher at lower elevations, possibly motivating low-altitude farmers to try DT varieties. Poor market access increases production costs and reduces profits, and therefore, is expected to result in reduced adoption of new agricultural technologies. The marginal effects for the time to maize seed source variable are of the expected signs in Table 2 , but not statistically significant (p<0.05). Figure 2 shows that seed availability constrained adoption of DT maize seed, especially in Ethiopia; but seed availability was less problematic in Malawi and Zimbabwe. Finally, the dummy variables for country are statistically significant and negatively associated with adoption of DT maize, indicating that country-level factors are important, and that Malawi is performing relatively well in disseminating DT maize to farmers.
Discussion and conclusions
Adoption of DT maize varieties varied widely among the six countries included in this study. Malawi had the highest rate, undoubtedly related to its large-scale Farm Input Subsidy Program (FISP). FISP, implemented since 2005/06, targets about 50 % of farmers in the country to receive subsidized fertilizer for maize production, with additional vouchers for tobacco fertilizers and free modern maize seed (Lunduka et al. 2013) . One study found that between 69 and 82 % of sampled farmers that received a FISP voucher for maize seed redeemed their coupon for a DT maize variety (Holden and Fisher 2015) .
Uganda had the next highest rate of DT maize adoption, reflecting strong dissemination efforts by seed companies and agricultural extension. Early misunderstanding on the part of seed companies, agro-dealers, and agricultural extension agents, that DT varieties were meant only for marginal areas, slowed adoption in some countries. In particular, the national program in Ethiopia originally concentrated only in the central rift valley. Since 2012, however, DT maize has been promoted across the country's major growing areas.
Results of this study show that major barriers to adoption of DT maize include unavailability of improved seed, inadequate information, lack of resources, high seed price, and farmers' perceptions of variety attributes (Table 2 and Fig. 2) . Differences in the main adoption constraints among countries (Fig. 2) are revealing. The key constraints are unavailability of improved seed and lack of resources in Ethiopia; unavailability and unaffordability of seed in Tanzania; unavailability of seed and inadequate information in Uganda; high seed price and storability in Malawi; inadequate information and unavailability of seed in Zambia; and inadequate information in Zimbabwe. Thus, specific combinations of supply-side (e.g., ensuring seed availability in local markets) and demand-side (e.g., ensuring farmer awareness of DT seed) solutions to low adoption of DT maize seed need to be sought for specific countries.
Our results have implications for policies that will enhance adoption of DT maize and increase resilience of smallholder farmers to drought in SSA. First, the supply of seed to local markets must be adequate to allow farmers to buy, experiment with, and learn about DT maize. Second, to make seed more accessible to farmers with limited cash or credit (another major barrier), seed companies and agro-dealers should consider selling DT maize seed in affordable micro-packs (1 or 2 kg). Finally, enhanced adoption depends on enhanced awareness, which could be achieved through demonstration plots, field days, and distribution of print and electronic promotional materials. Lack or inaccuracy of information was a chief barrier to adoption across study countries. Many farmers had not heard of the new DT varieties, were unaware that they have high yields, or had concerns about seed attributes. It will also be important to investigate the accuracy of perceived unfavorable attributes. If the perceptions are accurate, maize breeders need to be informed. Whereas misperceptions about unfavorable seed attributes should be resolved by agricultural extension.
